BACKGROUND: An important and common cause of pulmonary hypertension (PH) is chronic thromboembolic PH (CTEPH). Many care gaps exist in the evaluation of CTEPH including lack of awareness of the diagnosis, failure of clinicians to routinely consider CTEPH in patients at risk, and misguided diagnostic assessment practices including those which may be incomplete or unnecessary. METHODS: A representative multidisciplinary panel of expert physicians undertook a formal clinical practice guideline development process. A total of 4 key clinical issues were defined according to the Patient/problem, Intervention, Comparison, Outcome (PICO) approach. The panel performed an evidence-based, systematic literature review, assessed and graded the relevant evidence, and made 4 recommendations. RESULTS: Patients should not be routinely screened for the presence of CTEPH (using echo or pulmonary vascular imaging) following an acute pulmonary embolism (PE). Risk factors for CTEPH following acute PE have been established, and patients in these higher risk groups may merit closer attention during clinical follow-up. Routine screening for CTEPH following acute PE has not yet been demonstrated in prospective controlled trials to improve patient outcomes. In patients with PH, clinicians should perform nuclear ventilation/perfusion (V/Q) lung scanning as initial testing to rule out CTEPH. Either planar or single photon emission computed tomography (SPECT) V/Q are acceptable forms of V/Q lung scanning. A normal perfusion scan effectively rules out the possibility of CTEPH. A negative computed tomography pulmonary angiogram (CTPA) does not rule out CTEPH. In patients with suspected CTEPH, CTPA should be performed to confirm the presence and assess the anatomic extent and location of chronic thromboembolic material. A positive CTPA, confirming chronic thromboembolism, should prompt referral to an expert PH centre where a formal diagnosis can be established. A negative, indeterminate or technically poor CTPA does not exclude CTEPH and should also prompt referral to an expert PH centre for further testing. Magnetic resonance pulmonary angiography is not currently recommended for routine assessment in patients with suspected CTEPH.
Introduction

Chronic thromboembolic pulmonary hypertension
Pulmonary hypertension (PH) is a serious condition of the pulmonary blood vessels characterized by increased pulmonary arterial pressure (PAP) and is often associated with progressive right ventricular (RV) failure and a high risk of death. PH is increasingly recognized as an important cause of dyspnea and exercise limitation in many patients. As per the current World Health Organization (WHO) PH classification updated at the Sixth World Symposium on Pulmonary Hypertension held in 2018 in Nice, France (Tables 1 and 2) , PH can be associated with underlying disorders of the heart and lungs or be due to intrinsic disease of the small pulmonary arteries, known as pulmonary arterial hypertension (PAH).
A very important and common 1 cause of PH is chronic thromboembolic PH (CTEPH). CTEPH is a result of pulmonary vascular obstruction characterized by recurrent, unresolved pulmonary emboli (PE) and/or progressive pulmonary vascular thrombosis and scarring. In the present document, CTEPH has been defined as follows:
1. A mean PAP (mPAP) of 25 mmHg or greater and pulmonary vascular resistance (PVR) of 3 Wood units (240 dynes/cm 5 ) or greater; and 2. Persistent pulmonary arterial thrombotic obstruction despite at least three months of effective, uninterrupted anticoagulation.
It is of note that following completion of the evidence review and recommendations for this guideline document, the WHO hemodynamic definition of PH 2 was revised to include mPAP> 20 mmHg, pulmonary artery wedge pressure (PAWP) of 15 mmHg or less and a PVR 3 Wood units or greater. This revised hemodynamic definition was not used in this document but will be considered in future guideline updates.
The potential differential diagnosis for CTEPH includes a range of pulmonary vascular diseases such as: (i) central pulmonary artery thrombosis in the setting of dilated pulmonary arteries secondary to PAH, emphysema or congenital heart disease (ii) pulmonary artery sarcoma; (iii) extrinsic vascular compression such as from fibrosing mediastinitis;
(iv) pulmonary veno-occlusive disease (PVOD); (v) large vessel pulmonary artery vasculitis; and (vi) congenital pulmonary artery branch stenosis.
Clinical recognition of CTEPH is important for several reasons. First, CTEPH is believed to be one of the more common causes of PH, affecting approximately 3% of patients following PE. 1, 3 Second, CTEPH is a serious, progressive and often fatal disease. Patients with untreated CTEPH experience significantly increased mortality. Historical observational studies 4, 5 have estimated the median survival rate in severe untreated CTEPH patients to be as low as 10-20% at 2-3 years. Contemporary registry data 6 also illustrate the significant mortality of CTEPH, with 3-year survival rates in some subpopulations as low as 70%, even with access to modern era therapies. Third, CTEPH is potentially curable with pulmonary endarterectomy (PEA) surgery. Finally, CTEPH patients may also benefit from other treatments such as with balloon pulmonary angioplasty (BPA), PAH-targeted medications and/or other interventions.
The objective of the present guideline is to inform and provide evidence-based recommendations in the following areas:
Differences from prior guideline published in 2010
This Clinical Practice Guideline (CPG) represents an update from an earlier guideline published in 2010 by the Canadian Thoracic Society (CTS). 7 Changes from the prior guideline include the following:
This CPG is focused on case finding and the diagnostic evaluation of CTEPH. CTEPH treatments are not within the scope of this document (but will be included in a subsequent CPG publication focused on CTEPH management). A graphical diagnostic algorithm is provided. Guideline applicability and implementability have been considered throughout the CPG development process. Updated reviews of CTEPH epidemiology and incidence are not provided.
Sections
Clinical Questions Section 1: Screening for CTEPH Should patients be screened for CTEPH (using echo and/or pulmonary vascular imaging with ventilation/perfusion (V/Q) lung scan or computed tomography pulmonary angiography (CTPA)) following an acute pulmonary embolism to increase the rate of diagnosis or improve clinical outcomes of CTEPH? Section 2: Initial Testing for CTEPH How should patients with PH be tested for CTEPH?
Section 3: Diagnosis of CTEPH
In patients with suspected CTEPH, should CTPA be used to establish the diagnosis and assess anatomic extent and location of chronic thromboembolic material?
In patients with suspected CTEPH, should magnetic resonance pulmonary angiography (MRPA) be used to establish the diagnosis and assess the anatomic extent and location of chronic thromboembolic material? In this CPG, we have reviewed the updated literature for only those CTEPH risk factors identified in patients following post-acute PE (see Table 5 , Section 1). A comprehensive update on all CTEPH risk factors is not provided. Table 5 from our 2010 guidelines 7 contains a  comprehensive list of CTEPH risk factors, which includes  important independent CTEPH risk factors such as antiphospholipid antibodies and splenectomy. In Section 1 on screening for CTEPH following acute PE, the specific patient population has been broadened from asymptomatic patients to now include all patients following acute PE, irrespective of symptoms. This change was felt by the panel to lead to a recommendation that would be more actionable by clinicians and made with consideration of the practical challenges which can arise in attempting to define normal versus abnormal symptoms following acute PE.
Target patient population
The current CPG applies to all adult individuals with prior acute PE, undifferentiated PH, and suspected CTEPH.
Target users
The present CPG is intended for use by the health care teams that care for individuals with venous thromboembolic disease, PH and CTEPH. Specifically, family practitioners and specialist physicians (respirologists, cardiologists, hematologists, internists, cardiac and thoracic surgeons, and radiologists), and other health care professionals who suspect or currently care for patients with deep vein thrombosis (DVT)/PE, PH and/or CTEPH can use these guidelines to help improve their clinical practice. This document should also be useful to patients and patient advocates. Finally, health care decision makers may also use this guideline in policy processes to inform coverage decisions.
Guideline panel composition
The CTEPH guideline panel was comprised of clinicians and health care professionals with content expertise. The panel was chaired by one author (DH) and included 10 respirologists (2 international experts), one cardiologist, one radiologist specializing in cardiothoracic imaging and one thoracic surgeon. All author conflicts of interests are posted on the CTS website at https://cts-sct.ca/guideline-library/.
Methodology
This CPG was developed in accordance with CTS guideline development process. 8 The panel utilized the AGREE II checklist to guide the development of this guideline. 9
Formulation of key clinical questions
The panel determined key clinical questions in the areas of screening and/or case finding, assessment and diagnosis of CTEPH. Questions were crafted with consideration of those disease areas where the panel felt there to be substantial current knowledge-to-care gaps: for example, existing clinical practices contributing to cases of CTEPH being missed. The PICO method was used taking into consideration the Patient group or groups that should be addressed; the Intervention or interventions that should be examined; the Comparison groups that should be part of the studies of the various interventions; and the Outcome or outcomes of interest (Appendix 1). In the second part of the PICO process, panel members were asked to consider issues that influence implementability when choosing PICO questions: these include the magnitude of the knowledge-to-care gap; target audience(s); known barriers and supports to implementation; possible implementation strategies; societal impact; and measurability of any implementation program.
Literature search and screening of abstracts
An initial literature search was completed current to December 14, 2015 using MEDLINE (OVID); Embase (OVID); HealthStar; the Cochrane Library: the Canadian Medical Association InfoBase; and the National Guideline Clearinghouse. The second literature search was conducted through to March 10, 2017 and a third search from January 1, 2017 to September 30, 2017 was also conducted to include the most recent literature, across the same databases. Additional articles were found by review of the references in the articles accepted. Details of the search strategy are outlined in Appendix 1. A graphical representation of the flow of citations and articles reviewed are shown in Figure 1 . The title and abstracts of each article were scrutinized by two panel members to decide whether the article was relevant. Where there was a difference of opinion, the panel members endeavored to reach consensus. When a consensus was reached on the list of relevant abstracts, copies of the articles of all relevant and possibly relevant articles were obtained. The chosen inclusion and exclusion criteria were noted at the abstract and full text review stages.
Study selection criteria
Articles selected for inclusion in the systematic review of the evidence reported data on CTEPH diagnosis. Animal studies, pathology or preclinical studies, clinical images, isolated hemodynamic reports, letters, editorials, duplicate publications without original data, reviews, studies published in a language other than English and French, and studies of uniquely pediatric populations were excluded. Studies were evaluated in detail by pairs of reviewers who did the data extraction to ensure that selection criteria were met and agreed upon. (Table 3) .
Synthesis of evidence-base and clinical judgment of risk versus benefit
For each clinical question, the panel considered the strength and directness of the published evidence supporting an intervention or treatment approach. The panel discussed the potential health benefit to patient, the overall impact on the population burden of morbidity and mortality of CTEPH, and issues of risk, burden on a patient to adhere, and cost effectiveness of an intervention or treatment (implementability factors categorized under the "Contextualizations and Deliberations" domain of guidelines 12 ). These discussions and the resulting synthesis of evidence and summary clinical judgement are presented for each recommendation. Good practice points are included in association with each clinical question and are intended to offer short pieces of advice to the target user. Some of these good practice points may not have an evidence base but are viewed as good clinical practice by the expert panel. All good practice points were arrived at by consensus, based on the clinical experience of the guideline panel members.
Formulation of recommendations and classification
Following the open and extensive discussions and review for each PICO question, a draft recommendation was proposed by the entire group. The strength of the recommendation was based on consideration both of the GRADE quality of evidence, and the expert panel's synthesis of clinical judgment. The recommendations were then vetted by the CTS Canadian Respiratory Guidelines Committee (CRGC) Chair to optimize the language of each recommendation to ensure implementability. The recommendation consensus process was completed by electronic survey using a six-point voting scale (Table 4 ), whereby it was defined a priori that a recommendation would only be accepted if each panel member voted for option 1, 2 or 3 (wholeheartedly agree, agree or can support). For a recommendation to be accepted, it had to be voted on by 75% of the eligible panel members and achieve ratings of 1, 2 or 3 by 80% of the voting panelists. No panel member was excluded from voting. In the event of a failure to reach 80% of votes with ratings of 1, 2 or 3, another period of discussion ensued, whereby dissenting opinions were heard and considered. The recommendation was revised and followed by a second round of voting by electronic survey using a three-point scale, for which acceptance of a recommendation required a majority (80%) of panelists to choose option 1 or 2 ( Table 4 ). Through this process, all recommendations achieved acceptance, with a second round of voting required for only one recommendation.
Applicability/implementability
Recommendations were formulated with the aim of being clear and actionable by clinicians within the user group, in accordance with best principles for guideline language and format. 13 For example, precise criteria were utilized in defining patient populations and diagnostic tests results, wherever possible. Lack of access to key modalities (i.e., echocardiogram, pulmonary vascular imaging) could represent a barrier to guideline applicability in some jurisdictions. A graphical algorithm addressing assessment of CTEPH in patients with For a recommendation to be accepted, it had to be voted on by 75% of the eligible panel members and achieve ratings of wholeheartedly agree, agree or can support by 80% of the voting panelists. If this was not achieved, additional discussion ensued and revision of the recommendation was made, after which the second round of voting proceeded using a three-point scale, for which acceptance of a recommendation required a majority (80%) for option 1 or 2. PH is provided as a tool for clinicians to aid in implementing recommendations. The potential resource implications of applying the recommendations from this CPG were considered. This includes the possible need for increased diagnostic tests to be performed in order to improve patient outcomes via effective screening and/or case finding of CTEPH and through more precise diagnostic evaluation. Our goal is to monitor the impact of these CPG recommendations through their ability to correct knowledge gaps within the target user group (a pre and post guideline survey project is underway) as well as to track characteristics and frequency of CTEPH cases at the expert PH centres (a Canadian PH database project is underway, including enrollment of CTEPH patients).
Review and approval process
In accordance with the CTS guideline review and approval process, before completion, the CTS independently invited formal review of the guideline by: two external (non-CTS) international content experts and two internal (CTS) reviewers. One of the internal reviewers performed an AGREE assessment of the guideline. The draft guideline was reviewed by the Canadian Society of Thoracic Radiology Executive Committee. The Pulmonary Hypertension Association (PHA) of Canada coordinated a patient review of the draft guideline. The authors were blinded to the identities of the reviewers. The lead author provided responses to the comments and made corresponding changes to the manuscript. These reviews and the AGREE II scoresheet were provided to the CTS CRGC for review. Two members of the CRGC then completed a review of the guideline and these documents and provided further feedback for consideration by authors. Upon acceptance, the CRGC recommended approval of the guideline to the CTS Executive Committee. All reviews and author responses are posted on the CTS website at https://cts-sct.ca/guideline-library/.
Living guideline/future updates The Diagnosis of CTEPH guideline PICO questions will be uploaded in the CTS/McMaster Plus database. The authors will use the continuously updated McMaster Plus database to review new articles published in top journals starting from the last date of the literature conducted for this CPG. The studies are indexed according to the PICO questions and made available to the guideline panel on a dedicated software platform for manual assignment to individual reviewers. This evidence service will prompt guideline updates and facilitate reviews. The guideline will be formally reviewed every three years or sooner to determine the need for and nature of any updates, in accordance with the CTS Living Guideline Model (details available at www.cts-sct/guidelines.ca). 
Summary of evidence
Key evidence
A systematic review of the literature found no randomized controlled trials (RCTs) or controlled studies of the effectiveness of CTEPH screening in improving the diagnosis of CTEPH or clinical outcomes in patients post-acute PE, nor in any specific high-risk subgroups. Many uncontrolled studies have followed patients post-acute PE, "screening" for the presence of PH by echo in all patients or selectively in patients with symptoms suggestive of CTEPH, as reviewed in a metaanalysis 3 of 21 published studies. Several studies found a higher prevalence of CTEPH in patients with residual symptoms following 3-6 months of effective anticoagulation postacute PE (e.g., dyspnea, exercise limitation, chest pain), although the vast majority of these symptomatic patients did not have CTEPH. 7, [11] [12] [13] 16, 25 Although most studies suggest that echo screening can identify a number of patients with PH post-acute PE, these studies are limited by highly variable criteria that were not consistent with recommendations for echo detection of PH (e.g., right ventricular systolic pressure (RVSP) thresholds from 30 to 50 mmHg). Moreover, there was often limited formal diagnosis of the presence or the cause of PH by right heart catheterization (RHC) and only infrequent definitive CTEPH diagnosis in many of these studies.
In the aforementioned meta-analysis, 3 of the 14 studies which confirmed CTEPH by RHC, 4, 7, 8, [11] [12] [13] [14] [15] [16] 18, 19, 21, 23, 26 9 studies had screened all included patients with echo, 8, 11, 12, [14] [15] [16] 18, 21, 26 whereas echo was only performed in patients reporting dyspnea in 4 other studies. 4, 7, 13, 23 Overall, systematic screening did not increase CTEPH detection rate, as the incidence of CTEPH was the same whether all patients were screened post-PE or only symptomatic patients were investigated.
Thus, the recommendation informing this question is crafted in the absence of any direct evidence, and is based on indirect evidence (case series, cohort studies) showing no clear benefit of screening, as well as the consensus of the expert panel.
Expert panel synthesis of evidence-base and clinical judgment of risk versus benefit
The panel recognized the lack of any direct evidence to address the specific question of whether screening increases the rate of diagnosis of CTEPH or results in improved CTEPH outcomes. Other relevant factors in screening for CTEPH were considered, including the moderate likelihood of significant direct benefit to the individual patient, the low burden of adherence but moderate potential adverse effects of pursuing screening and subsequent further work-up. In addition, the panel expected low overall impact on morbidity and mortality for the population of patients post-acute PE. There are no cost-effectiveness data available, but the panel strongly felt that routine screening for CTEPH was unlikely to be costeffective. None of the three tests of echocardiogram, V/Q scanning or CTPA fulfilled the WHO /Wilson's 27,28 requirements for good screening tests, when used to screen for CTEPH.
Patient values and preferences
No studies were found that assessed patient values or preferences with regards to screening for CTEPH. It was the panel's consensus that most patients with acute PE would be willing to undergo clinical and noninvasive assessments if they were effective in diagnosing CTEPH sooner and especially if they were effective in improving clinical outcomes.
Good practice points
The panel emphasized that the negative recommendation for routine screening of patients post-acute PE may not apply to certain subpopulations. The panel recognized the importance of clinically based follow-up in higher risk groups but emphasized that this clinical follow-up should be tailored to the specific situation and does not always need to include a follow-up echocardiogram and/or pulmonary vascular imaging. Specific subpopulations which warrant closer follow-up post-acute PE include: although conversely, a single study suggested a higher risk of CTEPH in younger patients. 4 Although not yet validated in prospective controlled trials, patients postacute PE with risk factors for CTEPH may merit closer clinical attention during follow-up, which most importantly involves clinical monitoring for symptoms (e.g., dyspnea) and functional limitation, but also the targeted use of echocardiography (e.g., to look for elevated RVSP, secondary signs of PH such as RV enlargement and/or RV systolic dysfunction). The panel emphasized that routine follow-up pulmonary vascular imaging (V/Q lung scan or CTPA) is not indicated for screening of CTEPH, even in these higher risk groups. The recommended techniques and diagnostic sequencing of pulmonary vascular imaging when used for CTEPH case finding is summarized in our algorithm ( Figure 2 ). 3. Patients with acute PE who remain symptomatic despite 3 months of effective anticoagulation. Persistent symptoms or low health related quality of life (HRQoL) scores are common in patients with acute PE despite appropriate anticoagulation. 15, 29, 30 Unexplained dyspnea and functional limitation which persist following at least 3 months of effective anticoagulation can suggest the presence of CTEPH. Such patients merit appropriate clinical and diagnostic investigation for common conditions which may contribute to these persisting symptoms including the "post PE syndrome" 29 and other types of lung or heart diseases, as well as CTEPH. 4. Other clinical indications for follow-up pulmonary vascular imaging. The panel recognized that there may be other clinical indications to perform follow-up pulmonary vascular imaging (V/Q lung scan or CTPA) in selected patients post-acute PE, such as to decide on duration of anticoagulation, to assess risk of recurrent PE, or to establish a baseline before ongoing surveillance for recurrent PE.
Areas for future research
Given the clinical importance of CTEPH, and the significant benefits of available treatment approaches, research to better identify asymptomatic patients post-acute PE who have an elevated risk of developing CTEPH would be helpful. There is a need for studies to further identify and assess the magnitude of risk factors for CTEPH within the range of populations reflective of clinical practice, including symptomatic and asymptomatic patients as well as those with comorbid conditions. There may also be benefit to the development of scoring systems which combine multiple risk factors to define a composite or overall CTEPH risk, thereby identifying specific subpopulations of patients post-acute PE who could benefit from structured CTEPH screening. Future research should focus on clinical benefit, costeffectiveness, and patient preferences around screening approaches for CTEPH, ideally within prospective controlled trials. A diagnosis of CTEPH requires appropriate pulmonary vascular imaging. The three most commonly proposed imaging modalities for initial testing of CTEPH in PH patients are nuclear V/Q lung scanning, CTPA and lung perfusion magnetic resonance imaging (MRI). There have been technical innovations in all of these imaging modalities since our prior guideline recommendations in 2010.
In this section we address how patients with PH should be assessed for CTEPH.
Key evidence
Our review found no RCTs or other direct evidence addressing the effect of testing for CTEPH in patients found to have PH. Thus, the recommendation addressing this question is based upon indirect evidence from several cohort studies, as well as the consensus of the expert panel.
Planar V/Q
Our previous 2010 guideline 4 recommended nuclear V/Q for CTEPH assessment in patients with PH. This recommendation was significantly influenced by one single centre retrospective study 5 in which 227 patients with PH referred to a tertiary centre were assessed for CTEPH. Conventional pulmonary angiography was used as the reference standard technique. Planar V/Q was compared with 4-8 detector CTPA in assessing for CTEPH. Large vessel CTEPH was detected by V/ Q with a sensitivity of 97.4% and a specificity of 90%. CTPA had a sensitivity of only 51% but a specificity of 99%.
A cohort study by He et al. 6 assessed 114 patients with suspected CTEPH who all underwent planar V/Q scan, 16 or 64 detector CTPA and conventional pulmonary angiography. Fifty-one patients were diagnosed with CTEPH, 60 with idiopathic PAH and 3 with an atrial septal defect. Conventional pulmonary angiography was used as the reference standard technique. CTEPH was detected by V/Q with a sensitivity of 100% and a specificity of 93.7%. CTPA had a sensitivity 92.2% and specificity of 95.2%. To explain the higher sensitivity of CTPA in this study in comparison to Tunariu et al. 5 it is proposed that there may have been a lower proportion of subsegmental PE in the cohort evaluated by He et al. 6 and/or CTPA improvements related to the use of more advanced CT scanners.
SPECT V/Q
SPECT nuclear V/Q scanning represents the state of the art of perfusion scintigraphy and has emerged as being more sensitive than planar scintigraphy for the diagnosis of acute PE. 7, 8 Many centres in the world, including those within Canada, have replaced planar V/Q equipment with SPECT V/Q as the standard of care.
No studies were found which specifically evaluate SPECT V/Q as an initial test to rule out CTEPH.
A single centre prospective blinded cohort study 9 compared planar V/Q to SPECT V/Q for a clinical question indirectly related to this PICO question; the assessment of extent and location of chronic thromboembolic material in 17 patients with CTEPH. The reference standard involved an evaluation of the PEA surgical specimen as a "mold" of the obstructed pulmonary vasculature. Obstructed segments were detected by SPECT V/Q with a sensitivity of 63.5% and specificity of 62.6%. Planar V/Q had a sensitivity of 42.7% and specificity of 76. 8%. These differences in sensitivity were statistically significant (P < 0.01). This small study suggests that SPECT V/Q might be more sensitive than planar V/Q in detecting the obstructed pulmonary vessels characteristic of CTEPH. A subsequent cohort study from the same authors 10 compared SPECT V/Q to 4-and 64-detector CTPA in 9 patients with CTEPH undergoing PEA surgery. The reference standard again involved an evaluation of anatomic distribution of chronic thrombotic material in the removed PEA specimen. SPECT V/Q had a sensitivity of 62% and specificity of 72% for detecting the obstructed pulmonary arteries. CTPA had significantly lower sensitivity of 47.8% (p < 0.03), and similar specificity of 80%. This study suggests that SPECT V/Q may be more sensitive than 4 and 64 detector CTPA in detecting the obstructed pulmonary vessels characteristic of CTEPH.
DE-CTPA
Dual energy CTPA (DE-CTPA) is a novel CT angiographic technology which maps the iodine content of the lung microcirculation to provide information about pulmonary vessel obstruction and its downstream functional consequences.
A cohort study of 51 patients with established CTEPH 11 evaluated DE-CTPA in comparison to SPECT V/Q as the reference standard. The sensitivity of DE-CTPA was high (96%) with a lower specificity (76%). In some of the DE-CTPA cases, the lung segments containing perfusion defects (8.3%) could not be evaluated due to artifacts.
Another single centre prospective cohort study using DE-CTPA 12 assessed 40 patients referred with PH, of whom 14 were diagnosed with CTEPH. The reference standard for CTEPH diagnosis in this study was also based on planar V/Q (the presence of at least once segmental perfusion defect). This study compared planar V/Q to !64 detector CTPA and DE-CTPA. The sensitivity of DE-CTPA and CTPA were both reported at 100%. The specificities were 92% for DE-CTPA and 96% for CTPA. In the subgroup of CTEPH patients, 7.9% of lung segments were of non-diagnostic quality on DE-CTPA iodine maps due to artifact. There was better agreement between DE-CTPA and V/Q (k ¼ 0.44) than between CTPA and V/Q (k ¼ 0.09-0.31) at the segmental level.
Giordano et al. 13 evaluated DE-CTPA in a pre-selected group of patients without emphysema and with either PAH (n ¼ 13) or "peripheral type" CTEPH (n ¼ 9). There was a high concordance (100%) between V/Q and DE-CTPA in the peripheral type CTEPH group, with all studies showing defects. In the PAH group there were a number of false positive perfusion defects (3/13 ¼ 23%) identified with DE-CTPA.
In summary, the body of evidence pertaining to DE-CTPA fails to establish superiority in comparison to V/Q (which was used as the reference standard technique in all of the studies) and also demonstrates imaging artifacts which may limit interpretation of the DE-CTPA perfusion defects.
Access to DE-CTPA as well as expertise in its diagnostic interpretation remains limited. DE-CTPA has complex image acquisition and post processing needs, which require appropriate expertise. 
DCE lung perfusion MRI
Cardiac MRI is an important tool to assess the right ventricle in patients with PH. Cardiac MRI should be distinguished from dynamic contrast enhanced (DCE) lung perfusion MRI which is a time-resolved form of magnetic resonance (MR) pulmonary angiography designed to assess distal lung perfusion. The PH centre in Papworth UK has extensive experience using 3D DCE lung perfusion MRI in the evaluation of patients referred for assessment of suspected CTEPH. 14 In a cohort of 132 patients referred (78 diagnosed with CTEPH), lung perfusion MRI was reported to have test characteristics (sensitivity 97%, specificity 92%) similar to nuclear Q scanning (sensitivity 96%, specificity 90%). No invasive pulmonary angiography was performed in this cohort. The reference standard for the diagnosis of CTEPH was based on a multidisciplinary meeting involving data from CTPA, MRI and nuclear V/Q scanning.
A single centre blinded retrospective cohort study using lung perfusion MRI 15 enrolled 74 patients undergoing evaluation for CTEPH. Within this cohort, 36 patients were diagnosed with CTEPH, 10 patients with CTED (without PH) and 28 patients had chronic thromboembolic disease excluded. The reference standard for the diagnosis of CTEPH was based on a multidisciplinary meeting using V/Q and CT data. SPECT V/Q was compared to a 3-dimensional DCE lung perfusion MRI. The lung perfusion MRI demonstrated similar sensitivity (100%) and specificity (81%) to SPECT V/Q (sensitivity 97%, specificity 81%) for the diagnosis of chronic thromboembolism.
No studies were found that suggest the superiority of lung perfusion MRI over nuclear V/Q scanning in the assessment of CTEPH.
Access to lung perfusion MRI technology, as well as expertise in its diagnostic interpretation, is currently limited in most centres worldwide. Lung perfusion MRI has complex image acquisition and post processing needs, which require appropriate expertise.
Other imaging technologies
While Electrocardiogram (ECG)-gated multidetector CT, 16, 17 cone beam CT angiography 17 and 320 detector CTPA 18 have been used in the assessment of CTEPH, these particular studies have focused on establishing the diagnosis and assessing the anatomical extent/location of thromboembolic material (reviewed in PICO 3) rather than as initial testing for CTEPH in populations of patients referred with PH.
Expert panel synthesis of evidence-base and clinical judgement of risk versus benefit
The panel graded the body of evidence as low. The higher sensitivity of V/Q and lower sensitivity of CTPA in screening PH patients for CTEPH was consistent with the clinical experience of panel members. The lack of evidence for superiority of either DE-CTPA or DCE lung perfusion MRI in comparison to V/Q was also considered. The panel emphasized the significant potential for direct health benefit to the patient with accurate initial testing and subsequent diagnosis of CTEPH. The minimal adverse effects and minimal burden on the patient to adhere to the recommendation was considered. The panel considered the possible medium to high impact on morbidity and mortality for the population of PH patients as a whole with the recommended approach. The panel recognized the lack of cost effectiveness data, leading to the inconclusive economic benefits of the recommended approach.
Patient values and preferences
No studies were found that assessed patient values or preferences with regards to assessment of the possibility of CTEPH in patients with PH. It was the panel's consensus that most patients with PH would be willing to undergo testing with V/Q lung scanning, particularly if this led to a more accurate diagnostic approach with fewer missed cases of CTEPH.
Good practice points 1. In patients with PH who are not anticoagulated, consider testing for acute PE according to clinical probability score. 19, 20 
Discussions/areas for future research
The panel identified the need for future RCTs of CTEPH assessment in patients with PH. Future trial designs need to consider the varying incidence of CTEPH in different populations of patients 23 and should focus upon populations which are most reflective of clinical practice. Future studies should include patients with a broad range of characteristics, including those with and without co-existing parenchymal lung disease. For example, future research to define the prevalence of CTEPH in populations of patients followed in emphysema or left heart failure clinics would be of particular relevance to the clinicians working in these areas.
Further study is required to fully define the test characteristics of V/Q when used to rule out CTEPH in the setting of an abnormal chest X-ray. Future research should be designed to guide the practices of both tertiary and community care centre physicians.
Multistep screening algorithms may increase the precision of CTEPH assessment. A recently published study 24 has demonstrated the utility of an algorithm starting with a structured symptom questionnaire and followed by diagnostic imaging. The panel suggests ongoing research into multimodality screening algorithms for CTEPH.
Further study is required to assess the outcomes when clinicians use testing algorithms and/or clinical probability scores to assess for acute PE in non-anticoagulated patients presenting with undifferentiated PH.
The panel emphasized the need for clinical research to maintain pace with the rapid development of new imaging technology. As new screening tools are developed, prospective controlled trials should be conducted which include robust gold standard definitions of CTEPH as well as meaningful clinical endpoints (Appendix 1). Future trials should consider the long-term impact of screening protocols, not just upon those patients in whom CTEPH is confirmed, but also upon those patients ultimately diagnosed with other causes of PH.
The clinical importance of mild abnormalities on V/Q lung scans (especially in the case of SPECT V/Q) remains uncertain. Future studies are needed in order to define significance of low probability V/Q abnormalities, particularly as it relates to their negative predictive value for a diagnosis of CTEPH.
Future studies using newer generations of CT scanners may help further define the role of CTPA in initial testing for CTEPH.
Introduction
Confirmation of a diagnosis of CTEPH requires establishment of the presence of chronic thromboembolic lesions typical of this condition by at least one form of pulmonary angiography. 1, 2 Angiography is also necessary to characterize the anatomic extent and location of chronic thromboembolic material, to assess for the most appropriate therapy; including accessibility for surgical PEA or BPA.
Several pulmonary angiographic modalities exist. Traditionally, conventional, invasive DSA has been considered the reference standard angiographic technique for CTEPH. Conventional pulmonary angiography is performed using contrast injections through catheters placed directly within the pulmonary arteries to provide detailed images of the pulmonary arterial tree. Conventional pulmonary angiography requires significant centre specific experience in order to obtain the most accurate results.
CTPA can also be used for imaging of the pulmonary arterial tree. CTPA has the advantages of being less invasive (contrast injections are given through peripheral IV) and more widely available than conventional angiography. There are important technical issues to consider in optimizing detection of chronic thromboembolism using CTPA.
Some centres have used MRPA with peripheral gadolinium contrast injection to assess the anatomic extent and location of chronic thromboembolism. 3 It has been unclear if CT or MRI pulmonary angiography can routinely be used to establish a diagnosis of CTEPH, and whether these modalities provide adequate image quality to properly evaluate chronic thromboembolic lesions for consideration of specific interventional therapies (e.g., PEA, BPA).
Key evidence
Our review found no RCTs or other direct evidence assessing the use of CTPA for confirmation of diagnosis and/or assessment of anatomic extent of CTEPH. Specifically, there are no RCTs comparing CTPA to conventional pulmonary DSA. The recommendation informing this question is therefore based upon indirect evidence from one meta-analysis, several medium and small sized cohort studies, and the consensus of the expert panel.
Dong et al. 4 published a meta-analysis based on systematic review of literature published between 1990 and 2015 assessing the diagnostic accuracy of CTPA in patients with CTEPH. Eleven articles met inclusion criteria (including a total of 712 patients). Some but not all reports used DSA as a gold standard, and there were minimal details provided on the DSA technique. Pooled analysis showed CTPA to have a sensitivity and specificity of 95% and 96% for main/lobar pulmonary artery disease, and of 88% and 89% for segmental disease, respectively. Subsegmental disease was not assessed.
A cohort study by Sugiura et al. 5 compared 320-detector CTPA to DSA in 44 patients with CTEPH and reported sensitivity and specificity for main/lobar pulmonary arterial disease of 97% and 97% and for segmental disease 86% and 95%. Subsegmental disease was not assessed.
Another cohort study by Reichelt et al. 6 used 64-slice CTPA in comparison to DSA in the assessment of 27 patients (CTEPH confirmed in 24). Sensitivity and specificity of CTPA for main/lobar disease was 98% and 95% and for segmental disease 94% and 93%.
A study by He et al. 7 assessed 114 patients referred with PH, of whom 51 were diagnosed with CTEPH. Several analyses were performed in this study, including an analysis of 16 and 64-slice CTPA images in comparison to DSA. Sensitivity and specificity of CTPA for the diagnosis of CTEPH were 92% and 95%. No information was presented on the anatomic extent of the disease.
Grgic et al. 8 used rigidly interpreted CTPA (using vascular obstruction index) and SPECT V/Q (using percentage of vascular obstruction index) to predict PEA operability in 49 patients with CTEPH. CTPA performed well in depicting the central thromboembolic material, however, the extent of perfusion abnormalities was better depicted on the functional SPECT V/Q examination. CTPA and SPECT V/Q were therefore thought to provide complementary information in assessment of operability for PEA. Three retrospective cohort studies published by the group in Hannover, Germany 9-11 have evaluated a novel form of invasive pulmonary angiography utilizing cone beam CT images instead of DSA. Cone beam invasive angiography revealed high resolution images of the pulmonary arteries, including some to the subsegmental level, with potential superior intermodality agreement and delineation of distal CTEPH lesions in comparison to 64-detector CTPA 10 or DSA. 9
Expert panel synthesis of evidence-base and clinical judgment of risk versus benefit
The panel graded the body of evidence as moderate. The evidence for the high specificity of CTPA in confirming the diagnosis of CTEPH was recognized, and this was consistent with the clinical experience of panel members. There was concern CTPA may not be sensitive enough to exclude CTEPH, particularly in patients with segmental/subsegmental disease as well as situations where the CTPA is performed or interpreted in less experienced centres. The panel emphasized the limited published evidence supporting CTPA when used for defining anatomic extent of CTEPH to plan PEA or BPA. But several panel members described their own clinical experience using CTPA to plan PEA. It was recognized that wider detector scanners (i.e., 320 slice) tend to provide superior image quality for chronic thromboembolic lesions. However, it was also noted that the bulk of the evidence informing this recommendation was obtained from studies which used 64 detector scanners. The panel had some concerns about the extent to which the evidence directly addressed the clinical question. The potential significant health benefit to the individual patient from a confirmed diagnosis of CTEPH was recognized. The panel also considered the minimal risk of harm to patient with CTPA, the minimal burden on the patient to adhere and the potential high impact on morbidity and mortality for the target population as a whole. Due to the lack of cost effectiveness data, the panel felt it was inconclusive as to whether the recommendation would be cost effective.
Key evidence
Our review found no RCTs or other direct evidence assessing the use of MRPA for confirmation of diagnosis and/or assessment of anatomic extent of CTEPH. Specifically, there are no RCTs comparing MRPA to conventional invasive pulmonary angiography. The recommendation informing this question is therefore based upon the experience of the expert panel and indirect evidence from the following two retrospective cohorts.
The PH centre in Papworth, UK have used 3D DCE MRI for the confirmation of CTEPH and planning of PEA surgery. In a retrospective cohort 12 of 106 patients (53 with CTEPH, including 22 with segmental level disease), MRPA had high sensitivity of 98% and specificity of 94% in diagnosing CTEPH and was superior to 64-detector CTPA in depicting stenoses and post-stenotic dilatations. The addition of an unenhanced proton MR technique improved the detection of proximal disease. A subsequent research letter 13 described the results with this cohort expanded to 132 patients, showing similar results for MRPA for the diagnosis of CTEPH (97% sensitivity, 92% specificity). There were no comparisons with any forms of invasive pulmonary angiography in this cohort, either via DSA or cone beam CT.
Ley et al. 14 published a small retrospective cohort of 24 patients with CTEPH who underwent contrast enhanced MRPA, 40 to 64-detector CTPA and invasive DSA. Unfortunately, there were challenges with the DSA image quality in this study, with only half of the patients having DSA images rated excellent or good. For the diagnosis of main/lobar pulmonary arterial disease sensitivity and specificity were highest with CTPA (100% and 100%, respectively), followed by MRPA (83%, 99%) and DSA (66%, 100%). For the detection of segmental pulmonary arterial disease, the sensitivities and specificities were: CTPA (100% and 99%), MRPA (88%, 98%) and DSA (75%, 100%).
Expert panel synthesis of evidence-base and clinical judgment of risk versus benefit
The panel graded the body of evidence as low. The body of evidence was thought to only indirectly address the clinical question. MRPA was considered to have potentially minimal health benefit to the individual patient in comparison to the more widely available and more studied techniques of CTPA and invasive pulmonary angiography. The panel also considered the minimal burden of adherence and minimal harm to the patient with MRPA, as well as its anticipated low impact on the morbidity or mortality of the target population. The panel emphasized the lack of cost effectiveness data but felt that MRPA was unlikely to be cost effective. The panel acknowledged the limited access to MRPA technology and emphasized the lack of widespread experience or expertise in MRPA assessment of CTEPH.
Patient values and preferences (3a and 3b)
No studies were found that assessed patient values or preferences with regards to CTPA, MRPA or invasive pulmonary angiography. It was the panel's consensus that most patients would be willing to undergo CTPA, and then be referred to a local expert PH centre, and if required subsequently to a PEA/BPA centre, for additional investigations and treatments.
Good practice points (3a and 3b)
1. CTPA images may be non-diagnostic or suboptimal due to technical issues. Specific recommended technical criteria include a short breath hold acquisition (3-5 sec) as well as thin collimation and thin-slice reconstruction ( 1 mm) in axial, coronal and sagittal planes. 3-dimensional surface-shaded reconstructions may improve depiction of vessel cutoff. 15 Maximum intensity projections and oblique reconstructions along the long axis of the left and right pulmonary arteries may also be helpful.
Evaluation for CTEPH in patients with contrast allergy
or renal dysfunction can represent a clinical challenge. These cases should be discussed with a PH expert centre. 3. Misinterpretation of CTPA images can lead to a missed or delayed diagnosis of CTEPH and/or the use of inappropriate therapies. 16 Referring centres should work with PH expert centres at (or prior to) the stage of CTPA image interpretation, when assessing patients with suspected CTEPH (see diagnostic algorithm, Figure 2 ). 4. Pulmonary angiographic and V/Q imaging data may be complementary when used for the planning of CTEPH treatments. 5. Most types of pulmonary vascular imaging can underestimate the true anatomic extent of CTEPH, when compared to intraoperative evaluation at the time of PEA. 6. Conventional DSA is the traditional reference standard, but like all imaging techniques can be suboptimal due to technical issues. Regular DSA quality control efforts should be undertaken at expert PH centres, to optimize the techniques of image acquisition.
Areas for future research (3a and 3b)
Future studies using newer generations of CT scanners may help further define the role of CTPA in confirming a diagnosis of CTEPH and in more effectively assessing the anatomic extent and location of chronic thromboembolic material. The panel highlighted the need for clinical research to maintain pace with the rapid development of new imaging technology. As new forms of CTPA are developed, prospective trials should be conducted in comparison to the traditional reference standard of a high quality DSA, for example a DSA performed in an experienced and high-volume CTEPH expert centre.
There remains only a small body of evidence to support CTPA or other noninvasive imaging techniques aimed at the evaluation of subsegmental level chronic thromboembolic material. Future studies on subsegmental disease which compare a variety of imaging techniques in comparison to DSA are required. Further study of imaging techniques for segmental and more distal levels of disease may reveal clinically important insights, particularly as it relates to assessment of potential candidates for BPA.
Cone beam CT represents a novel form of imaging during invasive pulmonary angiography, but there are only single-centre reports thus far. Potential future clinical use will require multi-centre validation studies.
Similarly, ongoing research into MRPA techniques may allow MRPA to expand beyond its current use in only a few selected centres worldwide.
The panel emphasized the importance of ongoing research regarding optimizing technical best practices for imaging techniques as well as future knowledge translation of such quality control practices. 
Dissemination and implementation
Our guideline will be disseminated through traditional channels including this publication, through the CTS website and social media channels, and through an accompanying slide deck which will be used to present this content to various groups across the country. Furthermore, an abridged online and electronic "quick reference" guide, including the algorithm addressing assessment of CTEPH in patients with PH (Figure 2) , with a reference link to the full document will be produced. These materials will be circulated to all 15 expert adult PH centres in Canada and will be used in educational interventions with non-PH experts. Our group has also considered the anticipated barriers/ enablers to implementation of our recommendations, which types of initiatives might be considered for implementation of recommendations, which metrics should be measured as indices of success, and how these might be measured.
The first recommendation (PICO 1) within this CPG is a negative recommendation aimed at reducing unnecessary routine testing in patients following acute PE. This could be a cost saving initiative, if implemented successfully. Strategies for (de-)implementation of unnecessary testing could include educational and practice improvement programs targeting those users that routinely evaluate patients following acute PE (e.g., thrombosis clinics), and/or those who routinely provide the tests (cardiologists, radiologists). Other behavior change strategies could include audit and feedback, iterative physician learning and practice improvement cycles. Such efforts might be successful in partnership with the Choosing Wisely Canada initiative and Canadian university departments of continuing medical education (CME). Metrics of successful (de)implementation could include a reduction in the proportion of patients at low risk for CTEPH post-acute PE who undergo routine screening echo, V/Q, and/or CTPA scans. Although administrative databases could be used to assess trends in the frequency of these tests among patients with PE, a rigorous measure of successful de-implementation would not be possible through administrative databases, since the indication for each test would need to be considered. Such an analysis would require individual centre and/or individual physician practice audits.
The second recommendation (PICO 2) is a positive recommendation designed to increase the rate of CTEPH diagnosis by placing the most sensitive test (V/Q) as the initial test within the recommended diagnostic algorithm. This recommendation is expected to improve patient outcomes through an earlier diagnosis of CTEPH and through a reduction in the number of misclassified or missed cases of CTEPH. Implementation of this recommendation will similarly require target audience education, and will also require practice improvement programs, in this instance, for users that evaluate patients with PH (ie. respirologists, cardiologists). One barrier to implementation might be the existence of previously established protocols and practice patterns.
Another barrier may be the lack of access to V/Q and/or radiologist expertise in V/Q interpretation in some centres. Metrics of successful implementation would include increased use of V/Q scanning in appropriate patients, increased rates of CTEPH diagnosis and possibly a shortened time from symptom onset to diagnosis, and/or reduced severity of disease at the time of diagnosis as measured by WHO class and right-sided hemodynamics.
The third recommendation (PICO 3) is aimed at helping clinicians to establish an accurate diagnosis of CTEPH and to direct patients to a PH expert centre at the most appropriate stage of the diagnostic evaluation. This is accompanied by the parallel goal to establish the best modality to assess the anatomic extent and location of disease. This recommendation is expected to improve patient outcomes through an increased rate of CTEPH diagnosis, through earlier diagnosis of CTEPH, and by a reduction in the number of misclassified or missed cases of CTEPH. CTEPH can be missed at this stage in the diagnostic process as a result of a false negative CTPA (due to technical inadequacy of the test, inadequate expertise of the interpreting radiologist, or due to distal CTEPH) leading to the patient not being referred to an expert PH centre. This represents a diagnostic care gap which we feel this recommendation will help to address. A key metric of success would be an increased number of appropriate CTEPH referrals to the PH centres.
Considering the various possible targets of our dissemination and implementation strategy, for messages targeting expert centres, it may be of benefit to define (and audit practices of) PH centres of excellence. Audits could include peer assessments of the technical adequacy and performance of readers for key imaging technologies pertinent to CTEPH including V/Q, CTPA and conventional pulmonary angiography. Such initiatives might be possible in collaboration with PHA Canada, similar to a PH centre accreditation process instituted by PHA in the United States.
For messages targeting non-experts, there is currently significant uncertainty surrounding the types and magnitude of existing knowledge gaps. In order to tailor educational material, some of these knowledge gaps are currently being assessed. Specifically, a pre and post guidelines survey is underway to assess knowledge gaps in urban and rural respirologists as well as urban internists and hematologists. Further research to assess knowledge gaps specifically affecting clinicians in rural and remote settings would be of benefit. An anticipated barrier to implementation of the CPG recommendations in these contexts is the possible lack of access to key diagnostic technologies (i.e., echocardiography and/or V/Q scan) and/or expert interpretation of these tests. Clinicians working in rural or remote areas are therefore likely to have unique implementation needs. Interventions targeting non-experts might also include CTEPH training modules and local quality improvement programs for clinicians, radiologists and health system managers. 
Clinical (PICO) Questions
Recommendations GRADE Screening for CTEPH Should patients be screened for CTEPH (using echo and/or pulmonary vascular imaging with V/Q lung scan or CTPA) following an acute pulmonary embolism to increase the rate of diagnosis or improve clinical outcomes of CTEPH?
1. We recommend against routine screening for the presence of CTEPH following an acute pulmonary embolism.
1C
Initial testing for CTEPH How should patients with PH be tested for CTEPH? 2. In patients with PH, we recommend that clinicians perform nuclear V/Q lung scanning as initial testing to rule out CTEPH.
Clinical remarks:
Either Planar or SPECT nuclear V/Q are acceptable modalities for initial testing to rule out CTEPH.
A normal perfusion (Q) scan effectively rules out the possibility of CTEPH.
A negative CTPA does NOT effectively rule out CTEPH.
1C
Diagnosis of CTEPH
In patients with suspected CTEPH: a) Should CTPA be used to establish the diagnosis and assess anatomic extent and location of chronic thromboembolic material? 3a) We recommend that clinicians perform CTPA to confirm the presence and assess the anatomic extent and location of chronic thromboembolic material in patients with suspected CTEPH.
Clinical remarks:
A positive CTPA, confirming chronic thromboembolism, should prompt a referral to an expert PH centre for establishment of a formal diagnosis of CTEPH, and assessment of most appropriate treatment.
Findings of chronic thromboembolism on CTPA include intraluminal fibrous bands or webs, stenoses, partial occlusions, total occlusions (pouch defects), and eccentric organized thrombi that form an obtuse angle with the vessel wall.
A negative, indeterminate, or technically poor CTPA does not exclude CTEPH.
Patients with these non-positive CTPA results and suspected CTEPH should be referred to an expert PH centre for further diagnostic testing, such as conventional pulmonary angiography.
1B
In patients with suspected CTEPH: b) Should magnetic resonance pulmonary angiography (MRPA) be used to establish the diagnosis and assess the anatomic extent and location of chronic thromboembolic material? 3b) We do not recommend the routine use of MRPA to establish the diagnosis and/or to assess the anatomic extent and location of chronic thromboembolic material in patients with suspected CTEPH.
Clinical remarks:
There are few centres with MRPA experience in CTEPH.
MRPA should be distinguished from cardiac MRI protocols used for the assessment of pulmonary hemodynamics and right ventricular function in various types of PH, including CTEPH.
1C
Abbreviations: CTEPH, chronic thromboembolic pulmonary hypertension; V/Q, ventilation/perfusion; CTPA, computed tomography pulmonary angiogram.
Summary
